Electroweak Precision Data and New Gauge Bosons 
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I review constraints on the Standard Model (SM) Higgs boson from high energy elec- 
troweak (EW) precision data. The same data set also strongly limits various mixing 
effects of hypothetical extra neutral gauge bosons (Z') with the ordinary Z. I also 
discuss low energy precision measurements which are sensitive to other aspects of Z' 
physics, such as the direct exchange amplitude and the flavor or CP violating sectors. 

1 High energy data: SM Higgs boson and W-Z-Z' interdependence 
1.1 SM global fit 

Of the four fundamental parameters of the EW sector of the SM — the two gauge couplings, 
g and g' of SU(2)i and U(1)y, as well as the mass parameter and the self-coupling in the 
scalar Higgs potential — three combinations are known to very high accuracy: (i) the Fermi 
constant, G F , from the /i± lifetime, {V2Gf)~ 1/2 = 246.2209±0.0005 GeV; (ii) the fine struc- 
ture constant, a, from the electron anomalous magnetic moment, a" 1 = 137.035999679(94); 
and (iii) the Z boson mass, Mz = 91.1876 ± 0.0021 GeV, from the Z line-shape scan at 
LEP 1 [2J. The remaining parameter is the physical Higgs boson mass, Mjj, which affects 
EW precision data only at the loop level. Here the two most important obscrvables are 
the W boson mass, Mw, and the weak mixing angle, 9w They provide two independent 
equations for the unknown Mh, 

psin 2 9 W cos 2 8 W (1 ~ Af) = 0.167145(8) = sin 2 9 W cos 2 6 w (l - Ar), 



which enters the radiative correction parameters, p, Ar, and Af. sn\9w = <?' / \/g 2 + <?' 2 
defines the weak mixing angle in the MS rcnormalization scheme while cos9w = Mw/Mz 
gives the on-shcll definition. There is additional Ma-dcpendcnce in the total Z width, Tz, 
the Zbb vertex, and the low energy neutral current p parameter. 

Table [1] summarizes the result of 



a global fit to all EW precision data. 
Shown are the masses of the top 
quark j3j and the heavy bosons in GeV, 
as well as sin 2 9~w and the strong cou- 
pling constant (both in the MS scheme 
evaluated at the Mz reference scale). 
The quoted uncertainties are from the 
SM fit parameters. The quality of the 
fit is rather good where Xmin = 48.0 is 
obtained for a number of effective de- 
grees of freedom of 45 corresponding to 
a probability for a larger Xmin °f 35%. The largest SM deviation is the ~ 3cr effect in the 
muon anomalous magnetic moment [4]. In addition, it should be kept in mind that the 
forward-backward asymmetry into bb final states, Apsib) (LEP 1), and the polarization 
asymmetry, A^r (SLD), deviate from each other at the 3cr level [2], as well. 
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Table 1: SM global fit results 
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1.2 SM Higgs boson mass 

The central 90% CL range for 
Mh derived indirectly from 
the EW precision data is, 

58 GcV < M H < 146 GcV. 

A significant fraction of this 
range is excluded by direct 
searches at LEP 2 [5], where 
the bound, M H > 114.4 GcV, 
has been obtained at the 95% 
CL. One can combine the di- 
rect and indirect results, but 
to do so one has to add the 
full LEP 2 likelihood curve as 
a function of Mh to the global 
fit x 2 function, yielding, 

115 GcV < M H < 168 GcV. 

If one instead simply multiplies (as is sometimes done) by a Hcaviside step function with 
the step located at the lower bound, one obtains combined results which arc biased towards 
higher Mh values. Finally, one can add the search results from the Tevatron [B], as well, 
which by themselves eliminate the 95% CL range, 160 GeV < Mh < 170 GeV, and which 
gives the 90% CL range allowed by all data, 

115 GcV < M H < 149 GcV. 

Figure Q] shows the probability density for Mh assuming the SM and including all data [T] . 

1.3 Universal Z' bosons 

Among the most widely studied Z' bosons are the Z x and the Z^, defined as the gauge bosons 
associated with U{1) subgroups of Grand Unified Theories, namely 50(10) — ► SU(5) x U(l) x 
and Eq — ► 5O(10) x U (1)^. The combination, Z v = \/3/8 Z x — \/5/8 appears in a class 
of heterotic string string compactifications on Calabi-Yau manifolds. Similarly, the Zlr of 
left-right symmetric models is defined through, SU{2)r x U{\)b-l — * U(i)y X U(l)', where 
B — L refers to lepton minus baryon number. One can also define a Zr boson as the third 
component of SU(2)r. This possibility does not occur in popular models, but fits the data 
well. The sequential Z scq is defined to couple like the ordinary Z to the known fermions. It 
is not expected to arise in field theories (unless it couples differently to exotic fermions) but 
could play the role of an excited Z in models of compositeness or extra dimensions. As a 
final example, the Zx boson appears in a model motivated by seesaw neutrino masses [7]. 

Now one can investigate how Z' bosons impact the high energy data. We are mostly 
interested in the Z' boson itself and not in other aspects of some specific model containing 
it. If in this case its mass, Mz', approaches infinity one recovers the SM, a feature which 
differs from some other types of physics beyond the SM, such as a possible fourth fcrmion 




100 125 150 175 200 

M H [GeV] 

Figure 1: Probability distribution of Mh- 
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generation. There is a general relation [5] which follows from diagonalizing the neutral gauge 
boson mass matrix, 

2 „ M 2 - Ml 

tan 2 9 ZZ , = z 



Ml, -Ml 



where Mq = Myy / 'cosOy/ . Additional modifications of the W-Z-Z 1 interdependence can 
arise through higher dimensional Higgs representations at the tree level or through exotic 
fcrmions (usually necessary to cancel gauge anomalies) or scalar superpartncrs (in super- 
symmetric models) in loops. Both of these effects can be absorbed in the so-called oblique 
T parameter [9] which one may allow. If the Higgs sector is known in a specific model, then 
there exists an additional constraint [lOj . 



>ZZ' 



C 



92 Mf 
9i M§, 



where g\ = g/cos^vFi 92 is the U(l)' gauge coupling, and C is a function of vacuum 
expectation values of the Higgs fields. If 6 ZZ > = then the high energy data arc virtually 
blind to the Z'. Conversely, the high energy data usually constrain 6zz> to the 10 -3 level. 

2 Low energy data: Z' mediated amplitude and non-universal Z' 
2.1 Low energy constraints 

The low energy sector is much more sensitive to the specific Z' couplings than the high 
energy data, and some of the strongest constraints arise from jZ' interference at very low 
momentum transfer, Q 2 . A prime example is the nuclear spin independent part of the 
parity violating interaction measured in atomic physics. For a given nucleus, X, it can 
be written as a sum of products of quark vector and electron axial-vector couplings, the 
so-called weak charge, Qw{X). The most precisely known one is Qw( 133 Cs) = — 73.16 ± 
0.29 (experiment [11]) ±0.20 (atomic theory [12]). Unlike previously, this is in perfect agree- 
ment with the SM prediction, Q w ( 133 Cs) = 188 Q w (u) + 211 Q w (d) = -73.16, writ- 
ten in terms of the up and down quark weak charges. These are shifted due to a Z' by 
&Qw{q) oc (e_L — en){qL + qn)M z /M z ,, where eL,R and qL,R are the left and right-handed 
Z' couplings to charged leptons and quarks. Qw{ 133 Cs) by itself gives a 95% CL limit, 
M x > 0.89 TeV. By contrast, there is no constraint for the Z$ since 50(10) symmetry im- 
plies that all left-handed SM fields and anti-fields have the same charges, so that qL+QR = 0. 

The weak charge of the electron, Q w (e) = p(-l + Ansin 2 %[V^F]) = -0.0472 (SM), 
is defined analogously (p and k collect the radiative corrections), and has been measured 
in polarized M0ller scattering [T3] at SLAC by directing the SLC e~ beam with energies of 
45 and 48 GeV and a polarization of 89 ± 4% on a fixed hydrogen target. The resulting 
low Q 2 f» 0.026 GeV 2 implies a tiny right-left polarization asymmetry, Abl = —(1-31 ± 
0.14 ± 0.10) x 10~ 7 , and Q w {e) = -0.0403 ± 0.0053 could be extracted. The shift due to 
a Z 1 is given by AQ w (e) oc (e L - e R )(q L + q R )M 2 z jM 2 z , (for sin 2 6 Z z' = 0), providing a 
95% CL limit, M x > 0.67 TeV, while again there is no constraint for the Z$ (e^ + e R = 0). 
This constraint is manifestly complementary to LEP 2 (which was sensitive only to parity 
conserving observables) and the Tevatron (which lacks purely leptonic quantities altogether). 

As for the future, the Qweak experiment at JLab is scheduled to measure the proton's 
weak charge, Qw{p), in elastic ep scattering at the 6 GeV CEBAF beam to ±0.0029 preci- 
sion. Parity violating deep inelastic electron scattering with both the 6 and 12 GeV CEBAF 



DIS2009 



beam may determine the combination 2C\ U — C\ d + 0.84(2C2« — C2d) to ±0.0049 precision, 
where the C2 q arc defined like the C\ q with vector and axial-vector couplings interchanged. 
This is assuming the absence of higher twist and charge symmetry violation effects in the 
parton distribution functions, which can be studied by varying the kinematic variables, Q 2 
and x, respectively. Finally, the upgraded CEBAF beam to 12 GeV can be used to remea- 
sure Arl with five times greater precision which would yield a determination of the weak 
mixing angle of ±0.00029, an accuracy similar to the worlds most precise measurements. 
After a possible discovery this measurement would also be important to break a degeneracy 
in the Z' coupling space [T3]. The expected 95% CL limits of these three experiments are 
M x > 0.67 TeV, 0.45 TeV and 1.07 TeV, respectively, with no Z^ constraints. 

Some observables are affected only at the loop level. These effects are usually very small, 
but not necessarily negligible, and in some cases they are finite and can be straightforwardly 
taken into account. An example is the unitarity condition on the first row of the CKM ma- 
trix. Using the values, \V ud \ = 0.97425±0.00008 (experiment) ±0.000 10 (nuclear structure)± 
0.00008 (radiative corrections [15]) = 0.97425 ± 0.00022 from super-allowed 0+ -> 0+ nu- 
clear P decays [T5], \V US \ = 0.22478 ± 0.00124 from K e3 decays [T7], and \V US /V ud \ = 
0.23216±0.00145 from ^ 2 decays [17], one obtains, \V ud \ 2 + \V US \ 2 + \V ub \ 2 = 1.0000±0.0006, 
in perfect agreement (unlike previously) with the SM and unitarity. The presence of a WZ' 
box diagram would upset the unitarity relation (when normalized to Gf) by an amount 
oc e L (e L - q L ) \n(M z > /A%)/(M§, /M^ - 1) US], from which we obtain the 95% CL limit, 
M x > 265 GeV (again there is no Z^ constraint because e_L = Ql)- 

2.2 Z' bosons: results 

Figure [2] shows 90% CL exclusion contours 
for the Zr case. The solid (black) line uses 
the constraint po = 1 while the dashed (blue) 
line is for po free. We also show the extra 
constraints for some specific Higgs sectors. 
These are indicated by the dotted (red) lines 
except for a scenario preferred by supersym- 
metry shown as a long-dashed (green) line. 
The best fit location (for po = 1) is indicated 
by an "x". The Zr actually gives a rather 
good fit and technically even a 90% CL upper 
limit Mz< < 29 TeV can be set in this case. 

Tabic [2] shows the 95% CL lower mass 
limits for various Z' bosons from the EW 
precision data (for T = 0), compared to col- 
lider results from CDF [T^] (assuming no ex- 
otic or supersymmetric decay channels are 
kincmatically allowed) and LEP 2 [20] (in 
general for sm9zz' = 0, but the OPAL 
Collaboration [21] allowed and constrained 
sinBzz' = 0, as well). We emphasize that 
these limits are highly complementary (for 
more details, see Ref. [22]). 
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Figure 2: Exclusion curves for the Zr. 
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EW 


CDF 


LEP 2 




1,141 


892 


781 [2T 


z^, 


147 


878 


481 [20, 


Z-i-j 


427 


982 


515 [21 


Zlr 


998 


630 


804 HO] 


^scq 


1,403 


1,030 


1,787 HO] 



Conceivably, the Z' boson couples in a family 
non-universal way. In that case, usually unaccept- 
ably large effects of charged lepton flavor violation, 
CP violation and new flavor changing neutral cur- 
rents may be induced through (i) intergenerational 
couplings (charges) of the Z' ', (ii) fermion mass matri- 
ces even in the case of a diagonal Z 1 , (iii) the ordinary 



Table 2: Lower mass limits for se- z if sm9 ZZ ' + 0, and (iv) the mixing of ordinary 
lected Z' bosons in GeV fermions and exotics (through both, the Z and the 

Z'). The effects are difficult to quantify even within a 
given model. But it has been shown [23j that the contributions to neutral B and B s mixing 
and to CP violation in the K system are typically too large even for equal U(l)' charges of 
the first two families. For an EW fit in the presence of a non-universal Z', see Ref. [24] . 
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